Immunoreactive substance P was investigated in turtle lumbar spinal cord after sciatic nerve transection. In control animals immunoreactive fibers were densest in synaptic field Ia, where the longest axons invaded synaptic field III. Positive neuronal bodies were identified in the lateral column of the dorsal horn and substance P immunoreactive varicosities were observed in the ventral horn, in close relationship with presumed motoneurons. Other varicosities appeared in the lateral and anterior funiculi. After axotomy, substance P immunoreactive fibers were reduced slightly on the side of the lesion, which was located in long fibers that invaded synaptic field III and in the varicosities of the lateral and anterior funiculus. The changes were observed at 7 days after axonal injury and persisted at 15, 30, 60 and 90 days after the lesion. These findings show that turtles should be considered as a model to study the role of substance P in peripheral axonal injury, since the distribution and temporal changes of substance P were similar to those found in mammals. Key words
Peripheral nerve injury may result in significant changes in neuropeptide production and the development of neuropathic pain behavior (1) . In rats, peripheral nerve sectioning leads to a marked quantitative decrease in the nerve of substance P, a peptide of 11 amino acids that is present in small primary afferents and plays an important role in pain sensation (2, 3) .
The chemical structure of substance P is highly conserved in non-mammalian species, and is also found in turtles, animals considered phylogenetically related to the extinct theropsids from which mammals arose (4) . Previous studies demonstrated substance P immunoreactivity in the turtle central nervous system (5, 6) ; however, the effects of peripheral axotomy on substance P distribution have not been studied. Therefore, the aim of this study was to determine the effects of sciatic nerve transection on substance P immunoreactive fibers in the lumbar spinal cord of the turtle Trachemys dorbigni.
Under ether-induced anesthesia (7), the right sciatic nerve was exposed and transected approximately 5 mm distal to the sciatic notch. In this nerve transection, a 2-mm segment of the nerve was removed to ensure that the transection was complete. Groups of three turtles of both sexes, weighing 300-400 g, were sacrificed 7, 15, 30, 60 and 90 days later. On the final day of the experiment, both operated and control turtles were anesthetized (25 mg/kg Thionembutal, intraperitoneally) and perfused through the heart with cold saline solution followed by 4% paraformaldehyde in 0.1 M sodium phosphate buffer, pH 7.4. The lumbar spinal cord was quickly dissected out, immersed in the same fixative for 2 h and then cryoprotected in 15 and 30% sucrose solutions in phosphate buffer at 4ºC. Coronal serial sections (50 µm) were obtained with a cryostat (Leitz) and collected in cold phosphate-buffered saline (PBS). The sections were then treated with 3% hydrogen peroxide in 10% methanol for 30 min, washed with PBS for a further 30 min and incubated for 30 min in 3% normal goat serum in PBS containing 0.4% Triton X-100 (PBS-T). A polyclonal antibody to rabbit substance P (a gift from Dr. Joaquín Del Río, Department of Pharmacology, Navarra University, Spain), whose specificity has been described in a previous report (8) , diluted 1:800 in PBS-T, was applied to the sections which were incubated overnight with gentle shaking at 4ºC. The primary antibody was then removed and the sections were washed in PBS-T for 30 min and were then immersed in secondary antibody (antiIgG; Sigma, St. Louis, MO, USA), diluted 1:50 in PBS-T, for 2 h at room temperature with gentle shaking. After washing with PBS-T for 30 min, a soluble complex of horseradish peroxidase rabbit anti-horseradish peroxidase (Sigma) diluted 1:500 was applied for 2 h at room temperature. The samples were then washed in PBS, incubated in a solution of 3,3-diaminobenzidine tetrahydrochloride (60 mg/100 ml; Sigma) and 0.005% (v/v) hydrogen peroxide in PBS. The sections were washed, mounted onto gelatinized slides and coverslipped with Entellan. Specific immunostaining was abolished when the primary antibody was omitted in the staining sequence. The intact contralateral spinal segments were used as control. Sections were examined and photographed with a Nikon Optiphot-2 microscope equipped with a Nikon FX-3 5DX camera.
A Nikon Eclipse E 600 (400X) microscope coupled to a pro-series high performance CCD camera and image Pro Plus software 4.1 (Media Cybernetics, Silver Spring, MD, USA) was used to measure the intensity of the reaction product of substance P immunohistochemistry (semiquantitative analysis). Synaptic subfield Ia was delimited, the obtained images were digitized and converted to 8-bit gray scale (0-255 gray levels) and the regional absorbance was measured. Obvious blood vessels and other artifacts were not considered. The readings were performed on the left and right side of the lumbar spinal cord and at least five readings were obtained. Background staining from a non-reactive tissue was determined and used to correct the absorbance measurements. All lighting conditions and magnifications were held constant.
During the analysis, the investigator was unaware of the experimental groups from which the slices were obtained. The absorbance (A) measurement formula used was the following:
where background (x,y) is the background intensity at pixel (x,y) , and intensity (x,y) is the intensity at pixel (x,y) , black is the intensity generated when no light goes through the material, and incident is the intensity of the incident light. The results reported represent the mean of all pixels in the selected area on a 100% scale. In the present study, the thickness of the sections (50 µm) used did not lead to immunohistochemical over-reactions or saturation of absorbance. Other anatomical areas located in the lumbar spinal cord could not be selected because these areas did not present well-defined limits. The animals with different survival times could not be compared because the immunohistochemistry was performed on different days. Statistical analysis was carried out using the paired Student t-test. The mean diameter of immunostained cell bodies was measured semiautomatically using the same software employed to determine absorbance.
Commonly accepted cytoarchitectonic divisions derived from investigations on mammals proved inadequate when exploring the dorsal gray of the turtle. Thus, for the dorsal horn description we followed the pattern described for turtles by Trujillo-Cenóz et al. (9) , which suggests the occurrence of four axonal populations in the turtle dorsal horn. According to these investigators, synaptic field Ia is probably analogous to Lissauers tract in mammals, while synaptic field II is perhaps homologous to the substantia gelatinosa.
Substance P immunoreactivity was detected in varicose fibers and dot-like structures without intervaricose connections. These structures (termed fibers below) are believed to be mostly nerve terminals according to Ljungdahl et al. (10) . They appear as distinct dark brown particles and/or strings of beads. Control sections did not present immunoreactivity.
In control animals, substance P immunoreactivity was found in the dorsal and ventral horns of the lumbar spinal cord, which was higher in gray matter than in white matter. A similar density of fiber clusters was observed on both sides of the spinal cord. The dorsal horn developed more substance P immunoreactivity than the ventral horn. In the dorsal horn, dense immunoreactive fibers were identified in synaptic field Ia (Figure 1, top, A and B) , with the longest axons invading synaptic field III, which exhibited some positive fibers. Furthermore, some long positive fibers were detected crossing the midline of the spinal cord and entering the contralateral side (Figure 1, top, D) . The synaptic fields Ib and II were unstained. A dense collection of positive fibers was identified in the ventromedial dorsal horn. Immunostaining of neuronal cell bodies (20.08 ± 0.72 µm in diameter) occurred in the lateral column of the dorsal horn (Figure 1 , top, C). Substance P immunoreactive varicosities were scattered in the ventral horn and some of them appeared to abut motoneurons, which showed no immunoreactivity ( Figure 1, top, E) . Other positive varicosities were found in the lateral and dorsal funiculi (data not shown). These data agree with previous investigations that reported the presence of substance P in the nervous system of the turtle Chrysemys picta picta (5). However, our results seem to be higher than those found in a previous study in the dorsal horn of Chrysemys dorbigny (6) . These investigators only reported the presence of substance P immunoreactivity in synaptic field Ia, which invaded synaptic field III, and in the ventral horn limit. There is no report of positive immunoreactive fibers in the lateral and dorsal funiculi. Nevertheless, it is known that this neuropeptide has been detected in these regions in mammals (11, 12) , frogs (13, 14) , and domestic fowl (15) . In addition, these studies demonstrated the presence of substance P immunoreactivity in the ventral horn of these animals, as found in turtles. The same studies do not refer to the presence of substance P immunoreactivity in cell bodies of the spinal cord, except for frogs (14) . It is possible that the presence of immunoreactive cell bodies in Trachemys dorbigni spinal cord resulted from the different postperfusion immersion procedure employed. The duration of this step has a greater effect on perinuclear immunoreactivity than colchicine treatment (5) . In the present study the postperfusion immersion time was shorter than that used by Reiner et al. (5) . Further studies about this question are necessary.
Transection of the sciatic nerve resulted in small changes in the pattern of substance P distribution in the turtle dorsal horn. These modifications were located on the same side as the lesion. They consisted of a small unchanged at 15, 30, 60 and 90 days following the lesion (Figure 1, bottom, B-D) . The synaptic field Ia showed the same staining pattern on the ipsilateral and contralateral side of the spinal cord (Figure 1, bottom, A-D) , which was confirmed by optical densitometry (Figure 2) .
In mammals, peripheral nerve section also leads to a marked quantitative decrease of substance P in the dorsal horn (11, 16) . Data from quantitative immunoelectron microscopy and receptor binding experiments showed that this change resulted from the degeneration of dorsal root afferents (17, 18) . In turtles, the dorsal root terminals were found in synaptic fields Ia, Ib, II and III, with some long fibers projecting to the contralateral dorsal horn (9) . These findings support the view that the changes described here correspond to degeneration of dorsal root afferents located in synaptic field III. However, there is a striking similarity between the immunoreactive patterns of the ipsilateral and contralateral synaptic fields Ia. However, a recent study has revealed that the synaptic arrays in the peripheral synaptic fields (Ia, Ib and II) are complex, whereas they are simple in deeper regions of the decrease in the long immunoreactive fibers that penetrated synaptic field III (Figure 1 , bottom) and in the varicosities of the lateral and anterior funiculi. These changes were already present by 7 days after nerve transection (Figure 1, bottom, A) , and persisted dorsal horn (synaptic field III), consisting of typical synaptic boutons contacting either dendrites or neuronal somata (9) . Therefore, it seems reasonable to speculate on whether the initial changes following deafferentation begin in the more simple synaptic arrays and extend to the complex synaptic field later, after 90 days. If this occurs, the pattern of change in the turtle is slower than in the rat, since in the latter the density of substance P immunoreactivity showed a significant reduction at 4 days, which reached almost complete terminal restoration at 2 months following deafferentation (19) . Nevertheless, if this is true, this slow rate of change in the turtle may permit researchers to follow step by step the modifications resulting from peripheral nerve section. This characteristic makes the turtle an excellent model for the investigation of the anaerobic process, that may be common to all vertebrate brains, since the sequence of mammal changes occurs so rapidly that is difficult to follow it (20) . However, it is possible that the difference between turtle and rat could be due to a lack of recovery in the turtle, since the observations did not continue beyond 90 days.
It is difficult, at this time, to say that the changes only resulted from primary afferent degeneration. Further experiments using electron microscopy and anterograde and retrograde tracers will be necessary. In addition, it is early to speculate whether the actions of substance P are similar in turtles and mammals, and it is evident that to understand the significance and real role of this neuropeptide in the turtle spinal cord, multiple approaches, including biochemical, cytochemical, other immunohistochemical, molecular and other physiological procedures will be necessary. However, the observations reported here suggest that the similarity is probable. Actually, interest in more simple, experimentally resistant biological material is increasing. Within this context, the turtle should not be ignored as a model for the study of substance P actions and could offer new insights into nociception, since this neuropeptide is involved in the modulation of pain-related information in mammals. 
